Pulse multiplication in the self-commutating parallel converter by means of multi-level dc voltage reinjection by Liu, Y. et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
Liu, Y.H. and Perera, L.B. and Arrillaga, J. and Watson, N.R. (2005) Pulse 
multiplication in the self-commutating parallel converter by means of multi-level 
dc voltage reinjection. International Journal of Emerging Electric Power 
Systems, 2(1). 
© Copyright 2005 (the authors) All rights reserved. No part of this publication 
may be reproduced, stored in a retrieval system, or transmitted, in any form or 
by any means, electronic, mechanical, photocopying, recording, or otherwise, 
without the prior written permission of the publisher, bepress, which has been 
given certain exclusive rights by the author. International Journal of Emerging 
Electric Power Systems is produced by The Berkeley Electronic Press 
(bepress). 
http://www.bepress.com/ijeeps  
International Journal of Emerging
Electric Power Systems
Volume 2, Issue 1 2005 Article 1048
Pulse Multiplication in the Self-Commutating
Parallel Converter by Means of Multi-Level
DC Voltage Reinjection
Yonghe Liu∗ Bernard Perera†
Jos Arrillaga‡ Neville R. Watson∗∗
∗University of Canterbury, yonghe.liu@canterbury.ac.nz
†University of Canterbury, Lasanlbp16@student.canterbury.ac.nz
‡University of Canterbury, arrillj@elec.canterbury.ac.nz
∗∗University of Canterbury, n.watson@elec.canterbury.ac.nz
Copyright c©2005 by the authors. All rights reserved. No part of this publication may be re-
produced, stored in a retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise, without the prior written permission of the
publisher, bepress, which has been given certain exclusive rights by the author. International Jour-
nal of Emerging Electric Power Systems is produced by The Berkeley Electronic Press (bepress).
http://www.bepress.com/ijeeps
Pulse Multiplication in the Self-Commutating
Parallel Converter by Means of Multi-Level
DC Voltage Reinjection
Yonghe Liu, Bernard Perera, Jos Arrillaga, and Neville R. Watson
Abstract
A multi-level dc voltage reinjection concept is described that multiplies the pulse number of
the twelve-pulse dual parallel converter. The ideal reinjection waveform for complete elimination
of the harmonic content is first derived, and a practical approximation is proposed which converts
the standard dual converter into a sixty-pulse scheme, thus meeting the strictest harmonic standards
without the assistance of filters or Pulse Width Modulation.
KEYWORDS: multi-level, reinjection, power electronics
1 Introduction
Much of the motor drive industry relies on two or three level ac-dc conversion complemented
by Pulse Width Modulation (PWM). The extension of this concept to high voltage and
power applications requires semiconductors with very high dV/dt rating and results in large
switching losses. An effective alternative for high voltage application is the use of multi-level
conversion, the purpose of which is to generate stepped voltage waveforms as a means to
reduce harmonic content without the assistance of PWM and thus with lower switching
losses.
In the conventional multi-level schemes the dc voltage steps are generated by extra
switches [1] or extra capacitors [2] placed in series with the main power switches and there-
fore, operating at fundamental frequency. As an integral part of the main converter the
extra components have to be added to each phase and pole of the converter and this greatly
increases the complexity of the converter plant.
An alternative concept to reduce the harmonic content of ac-dc is the injection of a
compensating current waveform [3]. To avoid the use of an independent controllable source
for this purpose, a new principle referred to as dc ripple reinjection was developed for the
current source thyristor-based converter [4].
A recent publication [5] has extended the reinjection concept to the voltage source con-
verter and shown that the number of pulses of the output voltage waveform can be increased
from the standard twelve to thirty six. It is based on the reinjection of the dc pulses via
the neutral point at six times the fundamental frequency; the level creating circuitry is not
a part of the main power circuit and is common to the three phases, thus considerably
reducing the number of extra components.
However, for many applications a 36-pulse waveform may not be acceptable without
the assistance of some extra filtering. Based on the same reinjection principle, this pa-
per describes an alternative configuration that provides further pulse multiplication for the
standard 12-pulse parallel converter with only a small increase in the number of reinjection
components.
2 The Reinjection Concept
In the conventional dual bridge parallel VSC configuration the voltage waveforms on the
secondary windings (bridge side) for the Y/Y and Y/∆ connected interface transformers
have the following time domain components.
VY a(ωt) =
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
VY Y (ωt)/3 0 < ωt < π/3
2VY Y (ωt)/3 π/3 < ωt < 2π/3
VY Y (ωt)/3 2π/3 < ωt < π
−VY Y (ωt)/3 π < ωt < 4π/3
−2VY Y (ωt)/3 4π/3 < ωt < 5π/3
−VY Y (ωt)/3 5π/3 < ωt < 2π
(1)
V∆a(ωt) =
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
0 0 < ωt < π/6
VY ∆(ωt) π/6 < ωt < 5π/5
0 5π/6 < ωt < 7π/6
−VY ∆(ωt) 7π/6 < ωt < 11π/6
0 11π/6 < ωt < 2π
(2)
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where VY Y (ωt) and VY ∆(ωt) are voltages across Y/Y and Y/∆ connected bridges respec-
tively. In these waveforms the harmonics of orders n = 6(2l ± 1) (l = 1, 2, ...) are out of
phase by 180 degrees, while the harmonics of orders n = 12l ± 1 (l = 1, 2, ...) are in phase.
The use of dc voltage reinjection pulses at a frequency of six times the fundamental is the
best choice for the 12-pulse configuration. With the addition of that waveform the voltages
across bridges become:
VY Y (ωt) = Vdc +
∞∑
k=1
AY k cos(6kωt) (3)
VY ∆(ωt) = Vdc +
∞∑
k=1
A∆k cos(6kωt) (4)
If the corresponding winding voltages VY a(ωt) and V∆a(ωt) only include harmonics of orders
n = 6(2l ± 1) (l = 1, 2, ...), it can be shown that the combination of the winding voltages
on the interface transformer primary side will produce harmonic distortion free voltage
waveforms if the following relation between the dc and ac components of the bridge voltage
is satisfied. ∞∑
k=1
AY k/Vdc
(12l ± 1)2 − 36k2 =
1
(12l ± 1)2 l = 1, 2, ... (5)
which constitute a set (k) of linear algebraic equations from which the Ak variables can be
determined.
In practice the very high order harmonics are negligible and thus the number of equations
can be substantially reduced. If the harmonics of orders higher than (12m± 1) are ignored,
the equation number is reduced to 2m. The numerical solution of Ak (k=1,2,...2m) for a
sufficiently large value of m can be approximately expressed by the following expressions.
Ak =
AY k
Vdc
≈ 14.93(−1)
k − 12.93
36k2 − 1 k = 1, 2, ... (6)
A∆k
Vdc
≈ 14.93(−1)
k − 12.93
36k2 − 1 k = 1, 2, ... (7)
The reinjection waveforms are quasi-triangular waveforms, but with some asymmetry in the
rising and falling slopes. Moreover, the resulting normalized voltage waveforms, VY (x) =
1 +
∑∞
k=1 Ak cos(6kx) and V∆(x) = 1 +
∑∞
k=1(−1)kAk cos(6kx), combine into a dc voltage
waveform with a small amount of ripple. Thus for complete harmonic elimination, the two
bridges must be supplied from a dc source with controllable ripple, which is not a practical
proposition.
Instead the use of perfectly symmetrical triangular reinjection waveforms for the two
main bridges combine into a ripple-less dc voltage, i.e. they can be supplied from the
constant dc voltage source. In this case the harmonic minimization process leads to the
following expression for the optimal Ak values.
Ak ≈ 13.9282[1− (−1)
k]
36k2 − 1 k = 1, 2, ... (8)
The approximate reinjection waveforms still posses the characteristics of the ideal ones, i.e.
limited rising and falling derivative and starting from and stopping at zero values.
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Figure 1: Proposed Reinjection VSC
However the generation of a triangular waveform from the constant dc source is still
impractical. The provision of a dc source voltage divider with a large number of taps (i.e. a
large level number) could generate a stepped reinjection waveform close to the symmetrical
triangular variation. In practice, however, the required number of levels need not to be too
high to meet present harmonic standards. So, starting in reverse, it would be reasonable to
accept that a pulse number of sixty will comply with the strictest harmonic standards, and
this figure is used as the basis for the implementation discussed in the following section.
3 Proposed Pulse Multiplication Scheme
The output pulse number PN in a reinjection scheme is the product of the number of bridges
(BN), the reinjection level number (RN) and the ratio of reinjection to power frequency
(fr/f1), i.e.
PN = BN ×RN × (fr/f1) (9)
For the case of a double bridge
PN = 12×RN (10)
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and thus, every reinjection level, increases the output pulse number by 12. Therefore a
choice of RN = 5 will produce the required 60-pulse output voltage.
The quasi-ideal reinjection voltage has been shown above to be a symmetrical triangular
waveform. As the power supply is constant dc voltage, the slopes can be approximated by a
stair-case (five-level) waveform using the configuration of Figure 1. It consists of a standard
twelve-pulse parallel converter and a separate neutral reinjection circuit. The latter involves
a reinjection bridge which operates in synchronism with the main bridges but at six times
the fundamental frequency; a reinjection transformer is required for isolation.
By the switching action of valves (Sj11−Sj32) the reinjection transformer primary wind-
ings (Np1 and Np2) are either short circuited or connected (individually or in series) to
the dc voltage source to produce the five level waveform. The required turns ratio of the
reinjection transformer for best harmonic reduction is
kj =
Ns1
Np1
=
Ns2
Np2
= 0.7854 (11)
The resulting theoretical waveforms, based on the analysis carried out above are shown in
Figure 2. These have been obtained on the assumption of ideal switches and transformers
connected to an infinite dc side capacitance. Figures 2(a) and 2(b) show the reinjection
voltages applied to Y/Y and Y/∆ connected bridges. Figures 2(c) and 2(d) show the primary
side voltages of Y/Y and Y/∆ connected interface transformers. Finally waveforms (c) and
(d) are added together via the series connected interface transformer primary windings, to
yield the output voltage waveform shown in Figure 2(e). The peak value of the fundamental
component of output voltage VA is
VA1 =
4knUdc
π
[
1 + kj
(
4 sin
π
12
cos
π
30
cos
π
60
− 1
)]
(12)
and the RMS value of the voltage VA is
VARMS =
knUdc
3
√
4 + 2
√
3 + (2−
√
3)k2j (13)
The Total Harmonic Distortion of the phase output voltage, THDV is
THDV =
√
2V 2ARMS
V 2A1
− 1 (14)
The output voltage has a Total Harmonic Distortion of 3.16% and its spectrum is shown in
Figure 2(f).
4 PSCAD Verification
The verification of the theoretical waveforms is made with the help of the EMTDC/PSCAD
package. For this purpose a test system consisting of a 100MVA/100kV converter connected
to a balanced three phase voltage source with a small series impedance of (0.1 + 0.1j)Ω is
used. The individual leakage reactances of interface transformers are set based on their own
ratings so that the total nominal leakage reactance of the source side becomes 0.1pu (i.e.
0.1× 3× (100/√3 kV)/(100MVA)/(100/√3 kV)=10Ω). The reinjection transformers turns
ratio is set to its optimum value (kj = 0.7854) to obtain minimum harmonic distortion.
Finally the converter is controlled to supply 100MVAr of leading reactive power.
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Figure 2: Reinjection VSC Voltage Waveforms
The simulated voltage waveforms are shown in Figure 3. The Total Harmonic Distortion
of the output voltage computed from the simulated results data is THDV = 3.20% which is
close to its theoretical value THDV = 3.16%. The simulated output current waveform and
its spectrum is shown in Figure 4. The Total Harmonic Distortion of the output current
computed from the simulated results data is THDI = 0.99% which is also close to its
theoretical value THDI = 0.89%.
5 Conclusion
The ideal harmonic elimination reinjection scheme is not practical because it requires a dc
power source of controllable amplitude and ripple frequency. Instead, the use of a symmet-
rical five-level approximation produces a sixty-pulse output voltage waveform with a Total
Harmonic Distortion of only 3.16%.
The addition of extra auxiliary switches and reinjection transformer is partly compen-
sated by a considerable reduction in the size of the dc capacitor, with a corresponding
improvement in the dynamic response of the converter system to changes in the operating
conditions.
While the main purpose of the reinjection scheme is to reduce the harmonic content,
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Figure 3: Simulated Voltage waveforms of Reinjection VSC
the new converter also reduces the voltage stress as well as dv/dt. Moreover the proposed
scheme decreases the voltage across the main valves at the times when they are turned ON
and OFF, thus reducing their dynamic voltage stress. This converter can operate in all four
quadrants without causing capacitor balancing problems.
.1 Analysis of Output Current
If the source and the interface transformer resistances are not significant as compared with
their inductive reactance, the output current can be calculated from the converter system
model in Figure 5, where Ls is the sum of the source and the leakage inductance of the
interface transformer, Vs and Vo are voltage vectors representing an ideal 3-phase source
and the converter output voltage referred to the interface transformer primary side. They
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Figure 4: Simulated output Current waveform of Reinjection VSC
are respectively expressed as
Vs(ωt) =
⎡
⎣ Vsp sin(ωt + φ)Vsp sin(ωt + φ− 120o)
Vsp sin(ωt + φ + 120o)
⎤
⎦ (15)
and
Vo(ωt) =
⎡
⎣
∑∞
n=1 VAn sin(nωt)∑∞
n=1 VBn sin(nωt− 120o)∑∞
n=1 VCn sin(nωt + 120
o)
⎤
⎦ (16)
where φ is the phase displacement between source voltage Vsp and fundamental of the
converter output voltage VA1 peak values. The output current can be calculated from the
expression
Io(ωt) =
1
Xs
∫ ωt
0
[Vs(ωt)− Vo(ωt)]d(ωt) + Io(0) (17)
where
Io(0) =
1
2Xs
∫ π
0
Vo(ωt)d(ωt)− Vsp
Xs
⎡
⎣ cos(φ)cos(φ− 120o)
cos(φ + 120o)
⎤
⎦ (18)
which is derived from the steady state restriction Io(ωt) |ωt=0= −Io(ωt) |ωt=π. The ampli-
tude of the fundamental and mth harmonic component of phase A current are
IA1 =
VA1
ωLs
k and IAm =
VAm
mωLs
(19)
where k is given by
k =
√
1 +
V 2sp
V 2A1
− 2 Vsp
VA1
cos(φ) (20)
The RMS value of current IA is
IARMS =
VA1√
2Xs
√
k2 + 0.6628× 10−6 (21)
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and the Total Harmonic Distortion of the output current is
THDI =
√
2I2ARMS
I2A1
− 1 ≈ 0.8141× 10−3/k (22)
From Equation (20), the operating index k can also be expressed as
k =
1
VA1/Vsp
· IA1RMS
IArated
· Xs
(Vsp/
√
2/IArated)
(23)
Equations (22) and (23) reveal that THDI is inversely proportional to the per unit out-
put current fundamental and nominal input reactance, while it is proportional to the per
unit output voltage fundamental (the voltage base being the source voltage Vsp, the cur-
rent base being the rated output current fundamental IArated and the base impedance
(Vsp/
√
2)/IArated. Its value however is insignificant under rated power conditions as illus-
trated by the spectrum shown in Figure 6 for the case where VA1 = 1.1Vs, φ = 0, IA1 = 1pu
and θ = π/2. (θ is the displacement between the output current and voltage).
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.2 Analysis of Reinjection Current
The two interface transformer winding ratios are arranged as Np : Ns = kn : 1 and Np :√
3Ns = kn :
√
3 for Y/Y and Y/∆ connected transformers of the 12 pulse converter
respectively. Following expressions can be written for converter side line currents of the
Y/Y and Y/∆ connected interface transformers.
IY Y (ωt) = kn[ ia(ωt) ib(ωt) ic(ωt)]T (24)
IY ∆(ωt) =
kn[ ia(ωt + 30o) ib(ωt + 30o) ic(ωt + 30o)]T
(25)
For steady state operation, the dc side currents of the two 6-pulse converters are determined
by the interface transformer currents and switching functions fsY and fs∆ of Y/Y and Y/∆
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connected converters respectively.
fsY (ωt) =
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
[0 −1 0] 0o < ωt < 60o
[1 0 0] 60o < ωt < 120o
[0 0 −1] 120o < ωt < 180o
[0 1 0] 180o < ωt < 240o
[−1 0 0] 240o < ωt < 300o
[0 0 1] 300o < ωt < 360o
(26)
fs∆(ωt) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
[0 −1 0] 0o < ωt < 30o
[1 0 0] 30o < ωt < 90o
[0 0 −1] 90o < ωt < 150o
[0 1 0] 150o < ωt < 210o
[−1 0 0] 210o < ωt < 240o
[0 0 1] 240o < ωt < 300o
[0 −1 0] 300o < ωt < 360o
(27)
Thus the dc side currents iY dc and i∆dc are given by the expressions
iY dc(ωt) = fsY (ωt) · IY Y (ωt) (28)
i∆dc(ωt) = fs∆(ωt) · IY ∆(ωt) (29)
The reinjection currents ij1 and ij2 can be expressed as
ij1(ωt) = fsj1(ωt) · kj2 [i∆dc(ωt)− iY dc(ωt)] (30)
ij2(ωt) = fsj2(ωt) · kj2 [i∆dc(ωt)− iY dc(ωt)] (31)
where
[
fsj1(ωt)
fsj2(ωt)
]T
=
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
[2 0] 0o < ωt < 6o
[1 1] 6o < ωt < 24o
[2 0] 24o < ωt < 36o
[1 1] 36o < ωt < 54o
[0 2] 54o < ωt < 66o
[1 1] 66o < ωt < 84o
[0 2] 84o < ωt < 96o
[1 1] 96o < ωt < 114o
[2 0] 114o < ωt < 120o
(32)
The reinjection bridge dc side current ijdc is
ijdc(ωt) =
1
2
fsj(ωt) · [ ij1(ωt) ij2(ωt) ]T (33)
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where
fsj(ωt) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
[2 0] 0o < ωt < 6o
[1 1] 6o < ωt < 12o
[0 0] 12o < ωt < 18o
[−1 −1] 18o < ωt < 24o
[−2 0] 24o < ωt < 36o
[−1 −1] 36o < ωt < 42o
[0 0] 42o < ωt < 48o
[1 1] 48o < ωt < 54o
[0 2] 54o < ωt < 66o
[1 1] 66o < ωt < 72o
[0 0] 72o < ωt < 78o
[−1 −1] 78o < ωt < 84o
[0 −2] 84o < ωt < 96o
[−1 −1] 96o < ωt < 102o
[0 0] 102o < ωt < 108o
[1 1] 108o < ωt < 114o
[2 0] 114o < ωt < 120o
(34)
If the converter system operates with no dc power output or absorption, the current through
the dc capacitor
idc(ωt) = iY dc(ωt) + i∆dc(ωt) + ijdc(ωt) (35)
Based on the above analysis the reinjection system currents are plotted on Figure 7 for
the specific condition, 1pu output current, 1.1pu output voltage, 10% leakage reactance and
zero displacement between source and output voltages.
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